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if TECHNICAL FIELD OF THE INVENTION 

[0001] The present invention relates generally to a method for assembling molecular devices, 
i'^ More particularly, the present invention relates to the use of voltage to enhance the selective 
assembly of a desired composition on a desired metal surface. 

BACKGROUND OF THE INVENTION 
'■^ (0002] Molecular scale electronics is an emerging field that proposes the use of single molecules 
jfl) or small groups of molecules to function as the key components in computational devices. The 
concept is based on the use of molecules or groups of molecules that transmit ciirrent either 
linearly or non-linearly when subjected to a voltage potential. In particular, molecules or groups 
of molecules that have linear JN curves can resemble wires and are termed "molecular wires," or 
sometimes "molewires." Molecules or groups of molecules that have non-linear W curves can 
25 resemble other types of electronic devices and are therefore termed "molecular components," 
"molecular switches," or sometimes "moleswitches." The term "molecular device" will be used 
herein to denote all such molecular-scale conductmg devices. 

[0003] It is becoming more widely accepted that, given a sufficient selection of operable 
molecular devices, molecular-scale computers could be constructed using principles similar to 
30 those used to construct conventional, semiconductor-based computers. In addition to the 
substantial size reductions that would result, the response times of molecular devices can be in 
the range of femto-seconds, while the fastest present devices operate in the nanosecond regime. 



Thus, a significant increase in speed may be attainable, particularly if other circuit elements do 
not limit operational performance. Different substitution groups can be used to provide 
molecular devices with a variety of electronic properties, such as negative differential resistance 
(NDR), molecular memory capability, and molecule-scale switching behavior. 
5 [0004] An ongoing challenge in implementing molecular scale electronics has been the search 
for techniques that will allow the controlled assembly of molecular devices. While self- 
assembled monolayers (SAMs) of conjugated thiols on Au have drawn considerable attention 
due to their potential use in molecular electronics and have been shown to serve as molecular 
device components, controlled, precise placement of such SAMs in a manner that would allow 
10 them to function as molecular devices has not heretofore been possible. The success of 
molecular computing depends in part on the precise placement of molecular device components 
on a patterned substrate. Thus, in some instances, it becomes crucially important to accurately 
direct the assembly of the components onto specific electrodes. Conventional chemical 
self-assembly techniques cannot furnish such selectivity. 

[0005] Several groups have reported successful electrochemical oxidative adsorption of alkane 
thiols on various surfaces, such as Au, Ag, and Hg. Recently, Hsueh and co-workers reported the 



electrochemical oxidation of alkylthiosiilfate (R-S2O3-) on Au electrodes at +1200 mV (versus 
0 Ag/AgNOs). Monolayer formation took place preferentially on the biased Au electrodes, while 

the electrodes that were not biased experienced slower adsorption. However, the thiosulfiate 
S6 method produces alkylsulfide radicals and has been demonstrated so far only with simple n- 

alkane derivatives. 

[0006] Potential-enhanced self-assembly of certain alkanethiols that are not molecular devices is 
also known, but, until now, no one has yet discovered how to effect controlled, selective 
assembly of molecular devices on designated substrates under mild electric potentials. It . has 
25 been observed that thiol-based molecules assemble almost equally rapidly on non-charged 
surfaces as on charged surfaces. The similar behavior of charged and non-charged siu^faces has 
heretofore made it impossible to use voltage-assisted assembly to apply molecular device layers 
in a controlled or targeted manner. 
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[0007] Hence, there is still a need for methods that allow small, i.e. molecular scale, devices to 
be assembled quickly and accurately and in a controlled or targeted manner, A preferred method 
would allow the application of desired layers without undue expense. 

5 BRIEF SUMMARY OF THE INVENTION 

[0008] The present invention solves the problems associated with the prior art inasmuch as it 
allows controlled, selective assembly of molecular devices on metal electrodes under mild 
electric potentials and thus provides a method for assembling molecular scale devices quickly 
and accurately and without undue expense. 
10 [0009] The present invention comprises using a small voltage potential to drive the free thiols or 
thiolates to assemble on a metal surface. By impeding the rate of formation of thiolates in 
combination with the use of a voltage potential, sufficient differentiation between adjacent 
surfaces can be achieved to allow selective assembly of molecular devices. 



! BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] For a detailed understanding of the present invention, reference is made to the 
accompanying Figures, wherein: 

Figure 1 illustrates six exemplary molecules that can be selectively assembled according 
to the present invention; 

W Figure 2 is a schematic overview of the steps involved in a preferred embodiment of the 

present method; 

Figure 3 is a plot of the growth rate of a layer of molecule (a) on an Au surface in the 
absence of potential; 

Figure 4 is plot showing cyclic volt^xmiograms of a gold electrode in a solution of 
25 KCl/K3[Fe(CN)6] (0.1 M/1 mM); 

Figure 5 is a plot showing cyclic voltammograms of a gold electrode covered with 
molecular device (a) of Figure 1; 

Figure 6 is a plot showing cyclic voltammograms of a platinum electrode covered with 
molecular device (a) of Figure 1; 
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Figure 7 is a comparison between a layer of molecular device (a) in a KBr matrix (top) 
and monolayers on a gold electrode that were grown electrochemically or adsorbed from solution 
without potential; 

Figure 8 illustrates six exemplary molecules that can be selectively assembled according 
5 to an alternate embodiment of the present invention; and 

Figures 9-14 are illustrations of various molecules that can be used in the methods of the 
present invention to form molecular devices. 

DETAILED DESCRIPTION OF THE INVENTION 
[0011] It has been discovered that molecular devices can be selectively assembled on desired 
10 substrates quickly and with a high degree of precision. According to a preferred embodiment of 
the present invention, the difference in the rates of assembly of a given molecular device on a 
given metal substrate can be used to control the placement of the molecular device. More 
5;i particularly, appUcants have discovered a technique for slowing the assembly of molecular 
devices on a non-charged surface. As a result, the use of a small voltage sufficiently accelerates 
the rate of assembly that the present methods can be used to selectively assemble molecular 
H devices on substrates that are at least as close together as 0.3 jam. 



Q [0012] According to one aspect of the present invention, thiol-terminated molecular devices are 



de-protonated in a basic solution, thereby forming thiolates. Thiolates assemble on charged and 
;£ non-charged surfaces, but the rate of assembly on selected surfaces is greatly enhanced by the 
ilP application of a voltage potential to those surfaces. According to another embodiment, free 
thiols are formed from protected molecular device molecules in an acidic solution. If the rate of 
formation of the fee thiol is slowed sufficiently, a layer can be selectively formed by enhancing 
the rate of deposition on a selected surface. While the bulk of the discussion below is presented 
in terms of the basic technique, the concepts set out herein are intended to include not only acidic 
25 and basic schemes, but any other scheme by which the rate of assembly of molecular device 
molecules can be impeded and selectively enhanced so as to allow for selective appUcation. 
[0013] Referring initially to Figure 1, several thioacetates that are suitable for use in the present 
invention are shown. While the molecules illustrated in Figure 1 are known to be effective in the 
present process, the present invention is not limited to the molecules shown in Figure 1. 
30 Additional suitable molecular device molecules, along with schemes for making them, can be 
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found in Tour, J. M.; Rawlett, A. M,; Kozaki, M.; Yao, Y.; Jagessar, R. C; Dirk, S. M.; Price, D. 
W.; Reed, M. A.; Zhou, C; Chen J.; Wand, W.; and Campbell, L Chem. Eiir, J. 2001, 7, No. 23, 
5118-5134, which is incorporated herein by reference in its entirety. In addition, any of the 
molecular devices taught in Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. M. Science 1999, 
5 286, 1550, Chen, J.; Wang, W.; Reed, M. A.; Rawlett, A. M.; Price, D. W.; Tour, J. M. Appl 
Phys, Lett. 2000, 77, 1224, or Bumm, L. A.; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin, 
T. P.; Jones, L., II; AUara, D. L.; Tour, J. M.; Weiss, P. S. Science 1996, 271, 1705, all of which 
are incorporated herein by reference, can be used in the present invention. 
[0014] Specifically, molecular devices that are suitable for use with the present invention include 
10 pi-conjugated aromatics and in particular, and in particular protected thiol-terminated 
oligo(phenylene ethynylene)s, are preferred for use as molecular devices. 
[00151 According to the present invention, the thiol-terminated molecular devices need to 
3 include on each thiol a protective group that can be removed by the application of a desired 
chemical or electrochemical stimulus. It has been discovered that the presence of the protective 
group sufficiently slows the rate of formation of thiolate in a basic solution, or thiol in an acidic 
solution, that the voltage appUed to an electrode surface will cause the molecules to assemble on 
that surface significantly faster than on a non-charged surface in the same solution. Furthermore, 
a pH neutral solution could be used in a similar scheme, wherein the thiol protecting group is 



# removed electrochemically. 
jfp [0016] In one preferred embodiment, the stimulus is a voltage potential and the protective group 
is selected fi'om the protective groups identified in Greene, T.; Wuts, P. Protective Groups in 
Organic Synthesis, 3d ed. (1999), which is incorporated herein by reference. Particularly 
preferred are the protective groups listed in chapter six of that reference, including thioethers, S- 
diphenylmethyl thioethers, substituted 5'-diphenyhnethyl thioethers, and iS-triphenyhnethyl 
25 thioethers, substituted iS-methyl derivatives, substituted iS-ethyl derivatives, silyl thioethers, 
thioesters, thiocarbonate derivatives, and thiocarbamate derivatives. Also particularly preferred 
are thioacetates, sometimes called thioacetyl groups or thiolacetates, also known by the formula 
SCOCH3, A thiol-terminated molecular device protected in this manner will be referred to herein 
as a "monolayer precursor." The exemplary molecules shown in Figure 1 are iS-acetyl- 
30 oligo(phenylene ethynylene)s. 
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[0017] Referring now to Figure 2, the present method can be used to selectively assemble a first 
monolayer on at least one substrate 10, which may be affixed to a base 12 adjacent to a second 
substrate 14. One preferred embodiment of the present method mcludes electrically connecting a 
conducting lead 13 to the first substrate 10, as shown in Figure 2(A). With lead 13 in place, base 
5 12, carrying substrates 10 and 14, can be placed in a solution 16 containing the desired 
monolayer precursor molecules 15, as shown in Figure 2(B). 

[0018] A voltage potential is appUed to the fu:st substrate 10 via lead 12. In Figure 2(B), lead 13 
is identified as the working electrode (WE), and is used in a conventional manner in conjunction 
with a reference electrode (RE) and an auxiUary electrode (AE). It is not necessary to wait until 

10 the substrate 10 is submerged in the solution 16 to apply the voltage. Application of the voltage 
causes a layer of the desired precursor molecules 15 to assemble into a monolayer 21 on the 

^ surfiaceof substrate 10. 

Q [0019] According to the present invention and as described above, the monolayer precursor 
Q molecules 15 each include a protective group that prevents or impedes rapid assembly of the 
Its monolayer on the substrate in the absence of a potential to draw the low concentration of fi-ee 
^ thiol or thiolate to the surface. Depending on the precursor used, solution 16 can be either an 
jp acidic or basic sohition. Without being bound by the following, it is speculated that the presence 
m of a base causes the protective groups on certain monolayer precursor molecules to disassociate 
i? fh)m the precursor molecules. The de-protected thiol groups on the precursor molecules are then 
ilO deprotonated by the base, forming charged thiolate groups. These charged thiolate groups, in 
turn, are attracted to the positively charged electrode (substrate 10) and assemble there. 
Similarly, we have discovered the methods of the present invention can be used advantageously 
in acidic solutions, albeit via a different mechanism. In acidic solutions, the terminal groups on 
the molecular device precursors do not form thiolates, and instead form fi:ee thiols, which, like 
25 thiolates, are advantageously drawn to the charged surface. 

[0020] It has been discovered that even though some monolayer precursors molecules may 
assemble on second substrate 14 while the layer is assembling on furst substrate 10, the disparity 
between the rates of assembly on the charged and non-charged substrates is great enough to 
allow selective assembly. More particularly, the use of a protective groups on the precursor 
30 prevents the thiol groups from assembling and impedes formation of thiolate groups, while the 
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application of a voltage potential to first substrate 10 accelerates the rate of assembly on 
substrate 10. The combination of these effects separates the rates of assembly on the two 
substrates to such a degree that the amount of monolayer that assembles on second substrate 14 
during the time required to assemble a desired layer on first substrate 10 is relatively 
5 insignificant. For example, in some systems, the acetate-impeded, potential-assisted assembly is 
one to two orders of magnitude faster than acetate-impeded, non-potential-assisted assembly. 
The overall rate of assembly is partially dependent on molecular structure. According to the 
present invention, similar differentiation can be also achieved when the protective group is other 
than an acetate group. 

10 [0021] Referring still to Figure 2, following the selective placement of a monolayer on one or 
more of the substrates 10, the base 12 can be placed in a second solution 18 containing second 
^ precursor molecules 20. The second precursor is preferably but not necessarily a molecular 
device. Also, the second precursor may be protected or not protected, and the assembly of the 
second precursor into a monolayer can be voltage-assisted or not. Because the surface of the first 
[||5 substrate is already covered with the first monolayer 15, molecules of the second precursor do 
not rapidly bond to substrate 10. It is an advantage of the present invention that the de-protected, 
L deprotonated thiolate of the present invention generally shows relatively slow tendency to 
14} displace an already-formed monolayer. Once a second monolayer 25 has formed on substrate 14, 
base 12 can be removed fi-om solution 18 and placed in a thu-d solution 28, which may contain 
precursors 23 for additional molecular devices and/or metal nanoparticles 27, such as are known 
in the art. Hence, it is possible to apply different molecular device species sequentially without 
affecting previously appUed layers. By applying different molecular devices sequentially using 
the present methods, it becomes possible to construct a complex device. In a particularly 
preferred embodiment, precursors 23 comprise conjugated molecules that have a thiol on each 
25 end, such as could be generated from Figure 1(a). 

[0022] It has further been discovered that the apphcation of a voltage potential to one substrate 
affects only those precursor molecules that are very close to that substrate. Thus, the present 
method has been used to selectively produce a monolayer on one of two substrates that are 
separated by gaps as small as 0.3 |j,m and it is expected that substrate differentiation could be 
30 achieved across even smaller distances, with the lower limited being defined only by the limits of 
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lithography or other types of patterning, such as electron beam. Hence, the present method is 
suitable for use in the construction of micro- or nano-electronic devices. 
[0023] Another advantage of the present invention is that it allows the rapid assembly rate 
associated with thiolate or thiol assembly without requiring storage or handUng of thiolate or 
5 thiol solutions. Specifically, thiolates and aromatic thiols are unstable against oxidation, while 
thioacetates can be stored for extended periods in air without degradation. According to the 
present invention, the convenience of having a thioacetate stock solution can be combined with a 
rapid adsorption, 

[0024] It has further been discovered that molecular device components containing electron- 
ic donating groups assemble faster than those with electron-withdrawing groups. For example, 
using the present invention, one can deposit molecules with electron donating groups, e.g. Figure 
1(f), on one electrode, followed by the deposition of molecules with electron withdrawing 
groups, e,g. Figure 1(c), on another electrode. The formation of different layers on adjacent 
substrates is illustrated schematically in Figure 2. By bridging the two molecular wire-decorated 
electrodes with a conducting material, one may observe device behavior. 

[0025] One skilled in the art of molecular devices will recognize that the principles of the present 
invention are appUcable to systems that include a variety of molecular device molecules. The 
molecular devices that can be appUed or selectively applied using the present techniques include 
but are not limited to the various molecules shown in Figures 9-14. 
|o [0026] The concepts of the present invention are useful with metal substrates generally, and 
more particularly with the coinage metals or late transition metals, including but not limited to 
gold, palladixmi, silver, copper and platinum. 

[0027] Similarly, the metal-bonding terminus of the present invention can be other than sulfur. 
For example, selenium and tellurium can be substituted for the sulphur. Hence, the present 

25 invention is not limited to thiol-terminated molecular devices, but also includes selenol and 
tellurolsm, as is known in the art. See, for example, Reinerth, W. A.; Tour, J. M. "Protecting 
Groups for Organoselenium Compounds," /. Org. Chem. 1998, 63, 2397-2400. 
[0028] Solvents that are useful in the present invention include but are not limited to alcohols, 
water, and any nonreactive organic solvent, or combination thereof. Similarly, the electrolyte 

30 can be any soluble ionic salt that is not corrosive to the electrode. 
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[0029] The identity and orientation of the molecular device components on the metal surface is 
another important issue for the present electrochemical assembly technique. The average 
orientation of compound (a) on the surface can be derived from the relative intensities of a pair of 
IR absorption bands that correspond to molecular vibrations that are either parallel or 
5 perpendicular to the oUgo(phenylene ethynylene) axis. A random orientation would give the 
same relative band intensities in both the external reflection IR spectrum of the monolayer and 
the transmission spectrum of the bulk sample. In contrast, an ordered orientation of the 
molecules will show an increased intensity of the parallel vibrations. If the molecules tilt 
towards the surface (angle >54.7°) the perpendicular bands will dominate the monolayer 
10 spectrum. IR spectra of substrates selectively coated according to the present invention confirm 
that monolayers are present. Layers deposited according the present technique have structures 
that are similar to the structures of layers deposited in a conventional, non-potential assisted 



iff manner. 
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'M Conclusions 

jfe [0030] The rate of assembly of thiolate-terminated oligo(phenylene etirylene) molecular device 
components under electric potential is greatly enhanced. A low thiolate concentration can be 
maintained by the in situ deprotection of some part of a thioacetate derivative stock solution. The 
accelerated adsorption on positively charged electrodes, combined with a low thiolate 
concentration in solution, makes it possible to selectively deposit molecules onto specific 
electrodes. The molecular orientation in the SAM made under electric potential is similar to the 
SAM made by conventional self-assembly technique. The in-situ cleavage of the thioacetate 
derivative reduces the problems with the instability of the thiolate or thiol solution. The 
thioacetate itself adsorbs only slowly on metal surfaces. Similar rate differentiation and 
selectivity can be obtained using a basic solution. The acid solution techniques is preferred for 
25 some molecular devices as it results in a more intact layer. 
Examples 

[0031] The following Example are intended to illustrate the efficacy of certain embodiments of 
the invention and are not intended to be limiting in any way. 
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Self-assembly of thiolates on gold using base deprotection. 
Materials. 

[0032] Ethanol (Pharmco Products Inc., 200 proof, USP Grade) was degassed with nitrogen prior 
to use. THF (Aldrich) was freshly distilled from Na/benzophenone under an atmosphere of 
5 nitrogen, and used immediately. Tetrabutylaramonium tetrafluoroborate was purchased from 
Aldrich and used without further purification. The syntheses of the oligo(phenylene 
ethynylene)s are known, and are described in the references identified above. Au substrates were 
prepared by the sequential deposition of Cr (50 nm) and Au (120 nm) onto a clean single crystal 
Si wafer. Metal depositions were carried out using an Auto 306 Vacuum Coater (Edwards High 
10 Vacuum Intemational) at an evaporation rate of - lA / s and a pressure of 4 x 10"^ mm Hg. Pt 
substrates were prepared by sputtering a ~ 50 nm layer of chromium (CrC-100 sputtering 

U systems from Plasma Sciences, Inc.), followed by a ~ 120 nm layer of Pt on clean surfaces of 

m 

i5 single crystal Si wafer. Au substrates were cleaned immediately prior to use by placing them in 
% an aqueous solution of H2O2/NH4OH (HA : NH4OH : H2O = 1 : 1 : 5) for 15 mm, followed by a 
rfe thorough washing with deionized water and ethanol. Pt substrates were used without further 
cleaning. 

% [0033] Self-assembly of thioacetates on Au was carried out in a vial which contained a piece of 
the Au substrate, the oligo(phenylene ethynylene) compound (1.0 mg), etiianol (20 mL), and 
NaOH (20 uL of a 0.27 M solution, final concentration 0.27 mM). The sample was removed and 

jlp washed with acetone, THF and ethanol. 
Electrochemical assembly. 

[0034] Solutions for the potential-driven electrochemical assembly were prepared as follows: To 
a vial was added ethanol (20 mL), an oligo(phenylene ethynylene) (1.0 mg), 
tetrabutylammonium tetrafluoroborate (0.33 g, 1 mmol), and 20 |aL of aqueous 0.27 M NaOH. 

25 A CV-50W Voltammetric Analyzer (BAS, Bioanalytical Systems, Inc) was used to control the 
electrical potential applied to the electrodes. The auxihary electrode was Pt wire and a 
nonaqueous Ag/AgNOs electrode was used as the reference. One of the following working 
electrodes was used: evaporated Au or Pt, an Au disk electrode, or a Pt disk electrode. The 
potential applied to the working electrode was + 400 mV (vs Ag/AgN03 electrode). Assembled 

30 samples were washed with acetone, deionized water, and briefly sonicated in ethanol. 
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Measurements, 

[0035] The thicknesses of the self-assembled monolayers were measured using an ellipsometer 
(Rudolph Instruments, Model: 431A31WL633). The He-Ne laser (632.8 nm) was incident at 70° 
to the sample surface. A refractive index (nf) of 1.55 was used for the film thickness calculation. 
5 Cyclic voltammograms were recorded by a CV-50W Voltammetric Analyzer (Bioanalytical 
Systems, Inc), employing a Pt counter electrode and a saturated calomel reference electrode 
(SCE). The working electrode was an Au electrode (MF-2014, Bioanalytical Systems, Inc.) or a 
Pt electrode (MF-2013, Bioanalytical Systems, Inc.) covered with a given oHgo(phenylene 
ethynylene). The diameter of the Au and Pt electrodes was 1.6 mm. Cyclic voltammetry was 
10 performed in an aqueous solution of KCl/K3[Fe(CN)6] (0.1 M/1.0 mM) using a potential scan 
rateof lOOmV/s. 
Infrared Spectroscopy. 

'3 [0036] The orientation and thickness of assembled monolayer were checked using IR analyses. 

! 

fi3 Details about the procedure and instrumentation used for the extemal reflection and transmission 

111 

IR measurements are known in the art. 

i s 

Discussion 

n 

i3 [0037] There are three possible electrochemical methods for the deposition of molecular devices 
l3 onto selected electrodes: 1) One can selectively deposit thiols on a biased Au electrode m the 
% presence of an unbiased electrode. This method, to be useful, requires an appreciable different 
Wo assembly rate between the biased and unbiased electrodes, 2) Conversely, one can permit 
assembly on an unbiased electrode while using a high potential to prevent assembly on the other 
electrode. 3) Lastly, one can uniformly form a SAM on both electrodes, then restore one 
electrode to its original bare state by the selective application of a high potential. For molecular 
electronic applications, the first approach is preferred. As described above, the present invention 
25 provided a technique for accomplishing the first method by allowing the molecules to assemble 
at a faster rate on the electrodes that are subjected to the potential than on the electrodes without 
potential. 

Thiol Adsorption Kinetics on Au with and without Base or Electrostatic Potential 
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Table 1 

Thiol adsorption under open circuit conditions and with applied potential. 



Thiol Species 


Film thickness [nm] 




Adsorption 
conditions * 


1 mia 


lOmin 


30 min 


24 h 




Open circuit 


1.7 


1.8 


2.0 


2,4 


Open circuit 

"1" l!)&S6 


1.8 


1.8 






(i) 


+ 400mV 


2.0 


2.7 






+ 4UU mv 
+ base 


6.5 








NO2 


Open circuit 








2.4 


Open circuit 
+ base 


1.5 


1.7 








+ 400mV 










(ii) 


+ 400mV 
+ base 


2.1 


2.5 






(iii) 


Open circuit 


0.3 




0.5 




+ 400 mV 


0.2 




0.2 





^ The relative potentials were determined against a AgCl coated Ag wire in contact with the 



adsorption solution, 

[0038] Alkanethiol adsorption isotherms typically show an initial rapid rise until the coverage 
reached 80-85% of a monolayer, followed by a second, slower step. Greater than 40% coverage 
was usually reached within the first 500 msec if tiie thiolate concentration was 1 mmol and 
within less than 60 sec. for a 1 |Limol concentration. Overall, the aromatic thiol adsorption was 
found to be slower than the n-alkanethiol adsorption. 

[0039] Approximately 0.1 mM solutions of the preferred thiol-terminated oligo(phenylene 
ethynylene)s in ethanol reach a half monolayer coverage in less than 1 minute. Their low 
solubility m ethanol probably compensates for the slower diffusion rate (Table 1), The addition 
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of 1 \iL 0.27 M NaOH per mL solution was found to have no significant influence on the 
adsorption rate. 

[0040] A positive potential accelerates the thiol adsorption in the absence of a base and much 
more in combination with a base. The less soluble unsubstituted thiol shown at (i) in Table 1 
5 forms a multilayer rapidly, and the more soluble nitro-substituted thiol (ii) reaches its theoretical 
monolayer thickness in 1 min instead of -1 h, 

[0041] Thioacetates adsorb much more slowly than thiols. A solution with 1 mg of thioacetate 
1(b) per 20 mL ethanol, or roughly 0.1 mM concentration, gives an 0,2 nm thick layer within 30 
min, but the same was observed with a solution without thioacetate. Therefore, any layer 
10 formation can be attributed to advantageous adsorbate impurities, rather than to the thioacetate 
itself. 

2 Assembly of Thioacetates with Base but without Potential 

Q [0042] A 0.1 mM ethanolic solution of compound (a), which is shown in Figure 1 and features 

,h 

Q two protected thiol termini, was assembled on Au after adding 1 fiL 0.27 M NaOH per mL 
•O solution and the change in thickness over time was measured (Figure 3). The adsorption was 
1^ slower than for the free thiol despite the thioacetate groups on both ends. 

Sr. 

Ip [0043] Cyclic voltammetry (CV), as an indication of the surface coverage ratio, corroborated the 

hi 

S ellipsometry measurements. Figure 4 shows the cyclic voltammogram of an Au electrode before 
# and after immersion in a solution of (a). In Figure 4, the solid line indicates the bare Au 
electrode; the dotted line corresponds to the Au electrode after immersion in 20 mL of 0.1 mM 
ethanoUc solution of (a) with 20 ^iL aqueous solution of 0.27 M NaOH for 2 min.; and the 
dashed Une corresponds to the Au electrode after immersion in the same solution for 10 min. 
After immersion for 2 min., the peak current intensity dropped - 10 % and after immersion for 
10 min., the peak current intensity dropped 55 %, indicating that the surface coverage ratio of 
25 (a) on the Au electrode was ~ 10 % after 2 min and ~ 55 % after 10 min; in good agreement with 
the ellipsometry data. 

[0044] Compounds containing electron-withdrawing groups and only one thioacetate end 
assembled even more slowly. Compound (b), for example, with a nitro group on the central 
phenyl ring, took 15 min to reach a film thickness of 0.4 nm. 
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[0045] The least polar methylmercapto-terminated biphenylthiols adsorbed 7 times faster than 
electron rich N,N-dimethylamino-terminated thiols and 20 times faster than electron poor nitro- 
terminated ones. Electron donor groups increase the gold sulftir binding energy but destabilize 
the monolayer because of their repulsive intermolecular dipole-dipole interactions. The slow 
5 adsorption of aromatic thiols with electron acceptor end groups is due to a weaker sulfur binding 
energy and stronger intermolecular electrostatic repulsion. 

[0046] The majority of the deprotected thioacetate molecules in ethanol dissociate to thiolates 
with a high electron density on the sulfur, no matter what the substitutents are. The initial 
adsorption rates for a 0.1 mmol aromatic thioacetate / thiolate mixture without applied potential 
10 are however 1 - 2 orders of magnitude lower than for aromatic thiols: -2 min for 10% surface 
coverage versus less than 5 sec with aromatic thiols. The reaction between neutral ArS-H as a 
^ soft base and Au as a soft acid is fast, according to the hard-soft acid-base (HSAB) principle, 
while the thiolate adsorption on gold requires another molecule to become simultaneously 
:2| reduced. 

% [0047] The relatively faster adsorption of dithiolates and thiolates with electron donor groups 
correlates again with a higher gold sulfur binding energy but also with their lower dissociation 
!^ constant. Electron acceptor groiy)s shift the equiUbrium to the dissociated and slowly-adsorbing 
thiolate, while donor groups reduce the acidity of the thiol proton. 

[0048] The positive potential on the gold adds an attractive force between the surface and the 
negatively charged thiolates without changing the thiol dissociation equilibrium. The attraction is 
strongest for the electron-rich thiolates where the negative charge is located at the sulfur atom. A 
positive potential therefore further increases the adsorption rate for the already preferred thiolates 
with electron donor groups. The foregoing observations are included for the purpose of 
illustration only and are not intended to define the chemical mechanisms involved in the present 
25 invention or to limit the scope of the claimed invention. 

Assembly of Molecular Devices with an Applied Voltage 

[0049] Table 2 summarizes the results of electrochemical assembly of a series of thioacetate 
derivatives on Au when a small amount of sodium hydroxide solution had been added. Under 
these conditions, the present compounds now quickly assemble under potential (compare Figure 
30 3 with entries 1-3 in Table 2) and the thickness of the layer increases with time (Table 2 entries 
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1-3,14-16). Electron-donating groups, such as ethyl and metiioxy groups, can aid in the 
formation of SAMs (entries 1, 17, 19). Electron-withdrawing groups, such as a nitro group 
(entries 8,12) and a quinone unit (entry 14) tend to retard the growth rate. After 2 min, at + 400 
mV, most of the layers from electron-donating group-containing molecules reached their full 
5 length on the Au electrodes. (The molecular length of these compounds is -2.1 nm). 
Conversely, the compounds with strong electron-withdrawing groups were unable to assemble to 
tiieir full length in 2 min. The right conditions for a complete monolayer coverage depend on the 
structure of the molecular device and have to be determined for each individual molecule. 2 min 
adsorption time on a Au surface at +400 mV positive potential are just right for the compounds 
10 1(a) and 1(b), too short for 1(c) and 1(d), and too long for 1(e) and 1(f). 

[0050] For mono-thioacetate molecular device components, the thickness of the assembled 
i'^ layers roughly correlates with the molecular length. One exception is compound (e), for which 
'S title layer is thicker than the length of the molecule (entries 17,18). It is speculated that the excess 
S{ adsorption in the case of the unfimctionahzed phenylene-ethynylene-oligomers (e) and (h) is 
ife caused by their lower sohibility m ethanol. A similar phenomenon has been observed in title self^ 
assembly of long chain alkanethiols on Au from ethanol which gave a layer 20 % thicker than the 
!^ length of the molecule. Ditirioacetates also formed multilayers upon extended assembly times, 

Ji presximably due to disulfide formation as promoted by trace oxygen or the applied electric 

w 

5 potential. To obtain a monolayer of dithioacetate molecular devices, a short assembly time in an 

j|p atmosphere excluding oxygen should be employed. 

[0051] We attempted to remove the layers assembled by the foregoing process, but once dried, 
the layer thicknesses remained virtually unchanged after sonication in THF, indicating that the 
excess molecules were either chemically bonded to the under layer or had been oxidized to the 
even less soluble disulfides. 
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Table 2 

Thickness measurement for the potential-driven assembled film on Au and Pt surface 



Entry 


Compound 

/Fini iro i \ 

^^^lgu^e i; 


Surface 




Tinne 


Tfiickness 


1 




Au 


+ 400 


2 min 


2.9 nm 


2 




Au 


+ 400 


6 min 


3.2 nm 


3 


Tal 


Au 


+ 400 


10 min 


4.3 nm 


4 




Au 


-800 


10 min 


1.0 nm 


5 


fa) 


Au 


- 1000 


10 min 


0.5 nm 


6 


fa) 


Pt 


+ 400 


2 min 


2.0 nm 


7 


(a) 


Pt 


+ 400 


10 min 


3.6 nm 


8 

o 




Au 


+ 400 


2 min 


2.0 nm 


8b 


fb) 


Au 


+ 0 


15 min 


0.4 nm 


9 


fb) 


Au 


+ 400 


10 min 


2.2 nm 




fb) 


Pt 

i L 


+ 400 


2 min 


0.7 nm 


1 1 


fb) 


Pt 


+ 400 


10 min 


2.1 nm 


12' 




Au 


+ 400 


2 min 


0.4 nm 






Au 


+ 400 


20 min 


1 .5 nm 


14 


(d) 


Au 


+ 400 


2 min 


0,3 nm 


15 


(d) 


Au 


+ 400 


10 min 


0.8 nm 


16 


(d) 


Au 


+ 400 


20 min 


1.8 nm 


17 


(e) 


Au 


+ 400 


2 min 


3.3 nm 


18 


(e) 


Au 


+ 400 


10 min 


3.9 nm 


19 


(f) 


Au 


+ 400 


2 min 


2.2 nm 


20 


(f) 


Au 


+ 400 


10 min 


6.1 nm 



* The base used here was concentrated ammonium hydroxide (20 |iL). 



[0052] Figure 5 shows the CV of an gold electrode covered with (a). It compares CV data from 
a bare gold electrode (solid Une in Figure 5), a covered gold electrode assembled without 
potential for 2 min (dotted line in Figure 5), and a covered gold electrode assembled with 
potential for 2 min (dashed line in Figure 5). In 2 min, nearly 100 % of the gold surface was 
covered with a layer of (a). As shown in Figure 5, assembly of the molecules with appUed 
potential was significantly faster than without apphed potential. 

[0053] All of the CVs in Figure 5 were recorded in an aqueous solution of KCl/K3[Fe(CN)6] (0.1 
M/1 mM). The dotted line represents an electrode prepared without potential by immersing a 
bare platinum electrode for 2 min in a 20 mL ethanolic solution containing (a) (1.0 mg, 2.1 
|xmol), Bu4NBF4(0.33 g, 1 mmol), and aqueous solution of NaOH (20 |xL, 5.4 x 10'^ mmol). The 



dashed line represents an electrode obtained by applying + 400 mV (vs Ag/AgNOj electrode) on 
a bare gold electrode for 2 min in a 20 mL ethanolic solution of (a) (0.1 mM), BU4NBF4 (0.05 M), 
with aqueous solution of NaOH (20 \iL, 5.4 x 10"' nmiol). 

[0054] The present technique of assembly under electric potential works on platinum also. Table 
5 2 above includes data for the potential-assisted assembly of compounds (a) and (b) on platinum 
(entries 6,7,10,1 1). Layers of molecular device components grow more slowly on platinum than 
on gold. Figure 6 shows cychc voltammograms of a platinum electrode covered with (a) made 
by tihie potential assembly technique. In 10 min, the surface coverage ratio was nearly 100 %. In 
contrast, the conventional chemical self-assembly of 1 on platinum, under the same conditions of 
10 base concentration, was very slow. After immersion of a platinum electrode in a solution of 1 in 

ethanol for 10 min, the surface coverage ratio was only ~ 5 % (Figure 4). 
!'* [0055] All of the three cyclic voltammograms in Figure 6 were recorded in an aqueous solution 
S of KCl/K3[Fe(CN)6] (0.1 M/1 mM), The soUd line represents the bare platinum electrode; the 
It! dotted line represents the platinum electrode prepared without potential by immersing for 10 min 
% in an ethanol solution (20 mL) of (a) (1.0 mg, 2.1 nmol), BU4NBF4 (0.33 g, 1 mmol), NaOH (20 
i"^ \iL, 5.4 X 10'^ mmol); and the dashed line represents the platinum electrode prepared by applying 
Q +400 mV (vs Ag/AgNOj electrode) on a bare platinum electrode for 10 min in the same solution. 
S [0056] From this point of view, platinum electrodes are better than gold electrodes because thiols 
'§ grow more slowly on platinum than on gold via conventional chemical self-assembly. Under 
iio electric potential, the growth rates are nearly the same, although sUghtly slower on platinum. 
This greater disparity results in a wider operation time window for the controlled deposition of 
molecular device components. Put another way, the unbiased platinum electrode will be even 
cleaner than the unbiased gold electrode under the same conditions. 

[0057] The foregoing paragraphs discuss the formation of a SAM of moleciilar device 
25 components on the surface of a gold or platinum substrate under positive electric potential. 
Conversely, as discussed above, a negative potential can prevent tiie formation of this layer. 
Table 2 lists the results of the appUcation of (a) to a gold electrode under negative potential 
(entries 4,5). When tiie applied potential is sufiiciently negative, the growth of the molecular 
devices on the gold electrodes cati be slowed significantly. 
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[0058] Figure 7 shows the IR spectrum of polycrystalline (a) dithioacetate in a KBr matrix (top) 
and the spectra of three monolayers on gold. One of the monolayers was deposited under electric 
potential and the other two were deposited without applied potential. The monolayer from the 
adsorption with appUed potential still has about half of its thioacetate groups uncleaved. We 
5 assume that the uncleaved ends are mostly at the fihn-air interface because no thioacetate bands 
were observed in the IR spectra of monolayers from partially cleaved monothioacetate solutions 
on gold. 

[0059] The intrinsic band intensities can be determined from the transmission spectrum of a 

polycrystalline bulk sample, diluted with KBr and pressed into a transparent pellet. Differences 
1 0 between the intensities in the monolayer and bulk spectrum indicate an anisotropic fihn in which 

the molecules are aligned in a preferential direction. A semi-quantitative analysis is possible if 
|i the bulk and monolayer spectrum have at least two sufficiently intense bands with different 
S orientations, i.e. parallel or perpendicular to the molecular main axis. Similar relative intensities 
5 for fliese two bands in the monolayer and bulk spectrum indicate that the molecules are either 
1^ randomly oriented or that the molecules may be uniformly tilted by -54.7° (magic angle) from 

the surface normal. 

IS 

Q [0060] Not all IR bands can be used for such a semi-quantitative analysis. Some of the bands are 
S more sensitive to the changes in intermolecular distances and mobility. The best bands for a 
;„f semi-quantitative analysis have the same position and width-at-half-height in the monolayer and 
fHo polycrystalline bulk phase. The parallel mode at 1499 cm"' falls into this category. Among the 
perpendicular modes we can only take the doublet at 830/822 cm"' in the bulk spectrum that 
changes into a single band at 826 cm"^ in the monolayer spectrum. The ratio of the integrated 
areas of these two bands are 0.61:1 and 0.62:1 for the chemically and potential-driven deposited 
monolayers respectively. This ratio also agrees with the result from the reference spectrum of 
25 the polycrystalline sample (0.58:1). The fast potential-driven deposition and the standard 24 h 
adsorption give monolayers with identical orientation. The molecules do not lie flat on the 
surface as they do at submonolayer coverages, but the higher coverage is not enough to reach an 
upright orientation. 

[0061] In Figure 7, transmission (T) and reflection (R) spectra are reported in absorbance units, 
30 defined as -log (T/Tq) and -log(R/Ro). The deposition under potential was done in 2 min in a 
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solution of 20 mL ethanol with 2 [imol of 1 and 5 ^imol of NaOH with a positive potential of 400 
mV. The other two monolayers were prepared over 17 hours from THF with ammonium 
hydroxide as the base and from ethanol with NaOH as the base, respectively. 
Self-assembly of thiolates on gold using acid deprotection. 
5 The concepts of the present invention have applicability to systems other than base-activated 
systems. Specifically, some molecular devices, including those shown in Figure 8, can be 
selectively applied using acid deprotection, as described in detail below. 
Gold Substrates 

[0062] A single crystal silicon wafer was cut in 6x16 mm^ sheets, then cleaned for 30 min in a 
10 hot (40 °C) fresh acidic peroxide (3:1 H2SO4/H2O2, v/v) solution, rinsed with a flowing distilled- 

water, ethanol and acetone, and the pieces of Si were dried in a flowing ultrahigh purity gas. 
!^ The gold fihns were deposited by thermal evaporation of 200 nm thick Au onto the Si sheets 
Is with a 25 rnn Cr adhesion layer at a rate of 1 A/s under the vacuum of 2x10 Torr. The gold 

2 samples were finally stored in a N2 atmosphere. Before use, the gold substrates were cleaned by 
a UV/O3 cleaner (Boekel Industries, Inc., Model 135500) for 10 min in order to remove organic 
contamination, followed by ultrasonic cleaning in ethanol for 20 min to remove the resultmg 

3 gold oxide layer, rinsing with ethanol and acetone, then dried in flowing N2. This procedure was 
Q confirmed to provide a clean, reproducible gold surface. 

Q Chemicals 

% limpvlethylene chloride (CHjClj) and acetonitrile were distilled from calcium hydride. 

Tetrahydrofuran was distilled from sodium/benzophenone ketyl. All other chemicals were used 

as received without ftirther purification. The syntheses of compounds such as those in Figure 8 

are well known. See, for example, Chem. Eur. J. 2001, 7, No. 23, 5118-5134, cited above. 

Solution preparation for acid-promoted method 
25 [00641 The compound (1 mg) was dissolved with a solvent mixture of CHiCls/MeOH (2:1, v/v) 

in a 4 mL vial. 50-70 \iL of concentrated H2SO4 was then added and the solution was incubated 

for 1-4 h in order to give deprotection of thiol moiety. 

Chemical Assembly 

[0065] The cleaned gold substrates were immersed into the adsorbate solutions at room 
30 temperature for a period of 20-24 h. All the solutions were freshly prepared, previously purged 
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with N2 for an oxygen-free environment and kept in the dark during immersion to avoid photo- 
oxidation. After the assembly, the samples were removed from the solutions, rinsed thoroughly 
with acetone, MeOH and CHjClj, and finally blown dry with Nj. 
Potential-assisted Assembly 
5 [0066] The same three-electrode cell described above was used with a gold substrate as the 
working electrode, a platinum wire as the counter electrode, and an Ag/AgNOs (10 mM AgNOg 
and 0.1 M BU4NBF4 in acetonitrile) reference electrode. The monolayers were deposited by the 
constant potential of 400 mV for 5-60 min in the SAM solutions. After the modification, the 
samples were removed from the solutions, rinsed with acetone, MeOH and CH2CI2, and blown 
10 dry with N2. 

Electrochemical measurement 

[0067] CycUc voltammetry (CV) for SAM formation was performed in an aqueous solution with 
:| 1 mM KjITeCClSOfi] and 0. 1 M KCl between -0.2 and +0.6 V (vs. SCE) at the rate of 100 mV/s. 
O An Au disk electrode (MF-2014, BAS) with diameter 1 .6 mm was used as the working electrode, 
|i5 a saturated calomel electrode (SCE) as a reference electrode and a Pt wire as a counter electrode. 

■•■ a 

EUipsometry 

j'^J [0068] Monolayer thickness was determined using a Rudolph series 43 1 A ellipsometry. The He- 
3 Ne laser (632.8 nm) light was incident at 70° on the sample. Measurements were carried out 
Q before and immediately after monolayer adsorption. All the thickness was calculated based on 
'lo the refractive index of nf=1.55. The length of the molecular wire was calculated from a sulfur 

atom to the fiirthest proton for the minimum energy extended forms by molecular mechanics. 

The theoretical thickness was then obtained with the assumed linear Au-S-C bond angles and 

0.24 nm for the Au-S bond length. 

UV-Vis spectroscopy 

25 [0069] The UV-Vis spectroscopes were recorded by UV-Vis-NIR scaiming spectrophotometer 
(Shimadzu,UV-3101PC). 
Discussion 

[0070] As described above, the thiolacetyl groups of molecular device compounds are easily 
deprotected to the free thiol or thiolate by deacylation with NH4OH, and then the SAM are 
30 formed on a gold surface by Au-S bonding. Table 3 illustrates the chemical assembly of 
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molecular wires in a single solvent. The measured thickness of mononitro compounds (1 and 2) 
are near to the theoretical values. It indicates a compact monolayer has been formed. On the 
other hand, the thickness of multi-nitro compounds exhibit a large difference compared to the 
calculated values. A slower rate of adsorption is detected. The strong electron-withdrawing 
nitro group reduces the interaction of Au and S, finally results in the slower assembly rate and 
the poor adsorption on Au surface. Moreover, the multi-nitro groups of conjugated molecules 
are possibly attacked by hydroxide during the long assembly time, which decomposes the 
compounds and induces a precipitation in the imstable solution accompanied by color changes 
from yellow-green to brown. 

Table 3 

Chemical assembly of thiolacetyl-terminated molecular wires in a single solvent. 















Compound 


Solvent 


Base 


Time 
(h) 


Experimental 
Thickness 
(nm)^ 


Calculated 
Thickness 
(rnn)'' 


(8a) 


EtOH 


NH4OH 


24 


2.4 


2.14 


(8b) 


EtOH 


NH4OH 


24 


2.0 


2.14 


(8c) 


THF 


NH4OH 


24 


1.0 


2.14 


(8d) 


THF 


NH4OH 


24 


0.8 


2.62 


(8e) 


THF 


NH4OH 


24 


0.7 


2.62 


(8f) 


THF 


NH4OH 


24 


1.6 


2.86 



^ The value measured by ellipsometry. 

^ The theoretical thickness calculated by molecular mechanics without the 
consideration of the tilt angle of molecular wire in SAM. 



[0071] Thus, to get a well-ordered SAM of multi-nitro molecular wures, a mixed solvent is 
preferred and is selected based on the solubility and deprotection system. As shown in Table 4, 
the acetone/methanol solvent mixture performs best in the base-promoted method. All the SAM 
of dinitro compounds ((8c), (8d), (Be)) display thicknesses the same as the theoretical value after 
reaction of 24 h, thus complete assembly is achieved. Conversely, the tetra-nitro compound (8f) 
is not well assembled in the base-promoted system, as indicated by the relatively large difference 
between measured and theoretical thickness. 
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Table 4 

Chemical assembly of thiolacetyl-terminated molecular wires in a mixed solvent. 



m 



15 



Compound 


Solvent ' 


Acid 


Base 


Time 
(h) 


Experimental 
Thickness 
(nm) 


Calculated 
Thickness 
(mn) 


(8c) 


Acetone/MeOH 


- 


1SIH40H 


24 


2.0 


2.14 


(8d) 


Acetone/MeOH 




NH4OH 


24 


2.5 


2.62 


(8e) 


Acetone/MeOH 


- 


NH4OH 


24 


2.4 


2.62 


(8f) 


Acetone/MeOH 


- 


NH4OH 


24 


2.0 


2.86 
















(8c) 


Acetone/MeOH 




Cs^COj 


24 


2.4 


2.14 
















(8c) 


CHjClj/MeOH 


H2SO4 




24 


2.2 


2.14 


(8d) 


CH2Cl2/MeOH 


H2SO4 




24 


2.4 


2.62 


(8e) 


CHjClj/MeOH 


H,S04 




24 


2.5 


2.62 


(80 


CH2Cl2/MeOH 


H2SO4 




24 


2.9 


2.86 


* The ratio of mixed solvent is 2:1 





[0072] An external electric field applied at the interface of liquid/gold can greatly change the 
assembly reaction rate and lead to a kinetically rather than thermodynamically controlled 
deposition process. UV-Vis spectra confirm that the acid-promoted method affords a more stable 
solution and it is reliable. Table 5 summarizes the results of potential-assisted assembly of 
various molecular wires on a gold electrode. The assembly rate is very fast and the SAM 
thickness increases with time. The rate of potential-assisted assembly is increased 10-100 times 
compared to the rate of the chemical assembly. In the base-promoted electrochemical assembly, 
the mononitro- and dinitro-compounds ((8a), (8c), (8e)) show a good assembly and near fiiU- 
coverage on Au. The tetranitro compound (8f) slowly forms SAMs by base catalysis with either 
the potential-assisted procedure or the chemical method, as illustrated in Table 4. By using an 
acid-promoted electrochemical method, however, all the nitro-compounds ((8c), (8e), (8f)) can 
be completely assembled after a 60 min deposition time. The potential-assisted assembly is rapid 
and reproducible. UV-Vis spectra confirm that the acid-promoted method affords a more stable 
solution and it is reliable. 
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Table 5 



Potential-assisted assembly of thiolacetyl-terminated molecular wires on gold electrode. 



Compound 



(8a) 



(8c) 



(8e) 



Solvent ' 



EtOH 



Acetone/MeOH 



Acetone/MeOH 



Acid 



Base 



NH^OH 



NH4OH 



NH4OH 



Potential 
(mV) 



400 



400 



400 



Time 
(min) 



60 



30 



Reduced ratio of 
redox peak current 



99% 



87% 



59% 



(Be) 



Acetone/MeOH 



NH4OH 



400 



60 



95% 



;I0 



m 

15 



20 



Acetone/MeOH 



NH^OH 



400 



60 



22% 



Bare Au 



0% 



(8c) 



CH,CL/MeOH 



H,SO, 



400 



60 



90% 



(8e) 



CH,Cl,/MeOH 



H2SO4 



400 



60 



97% 



(8f) 



CH,Cl,/MeOH 



H2SO4 



400 



60 



96% 



The ratio of mixed solvent is 2:1. 

The reduced ratio of redox peak current is deduced by (1-Isam/Iau)% fro™ CVs in an aqueous 
solution of K3[Fe(CN)6]/KCl. 

[0073] In the common chemical assembly, which is a passive incubation process, the open 
circuit potential (OCP) is about -200 to -300 mV. However, in an external positive electric field, 
the thiol and thiolate with negative charge can strongly adsorb on Au, therefore, a modest anodic 
potential (i.e., 400 mV) can greatly enhance the assembly rate. A lower negative potential will 
impede the assembly reaction and even peel away the existing SAM. Conversely, a higher 
positive potential will induce the MeOH and Au oxidation, which also deform the SAM. By the 
carefully selection of potential and solution, different molecular wires can be deposited on 
different parts of one electric device for the construction of a more complex logic circuit. 
[0074] The present invention includes the voltage-assisted assembly of molecular devices on a 
substrate, with and without the rate differentiation that is results from the use of a chemical 
inhibitor, such as an acetate group. Thus, it is within the contemplated scope of the invention to 
accelerate the rate of assembly of a layar of molecular devices on a substrate using a voltage 
potential. 

[0075] While preferred embodiments of the present invention have been discussed in detail 
herein, it will be understood that various modifications could be made thereto without departing 
from the scope of the invention. For example, the molecular devices, protective groups, solvents, 
electrolytes, electrodes, subsfrates, subsfrate surfaces, deprotection mechanisms, and activation 
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mechanisms can all be varied. In addition, order in which the various steps of the present 
methods are perfoimed can be varied. Unless order is explicitly recited in the claims, the mere 
recitation of claim steps in an order is not intended to require that the steps be performed in that 
order, or that one step must be completed before the next step can begin. 
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